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THERAPY AND PREVENTION 

Comparison of three porcine restenosis models: 
the relative importance of hypercholesterolemia, 
endothelial abrasion, and stenting 

W. Carter Grinstead, George P. Rodgers, Wojciech Mazur, 
Brent A. French, Douglas Cromeens, Carolyn Van Pelt, 
Stewart M. West, and Albert E. Raizner 

Background: Porcine models of post-angioplasty restenosis commonly rely on 
hypercholesterolemia, endothelial abrasion, and intracoronary stenting to induce 
neoirrtimal thickening. Although stenting clearly induces marked thickening, the influence 
of pre-stenting endothelial abrasion, and pre- and post-stenting hypercholesterolemia, 
on the degree and nature of post-stenting neointimal thickening is not clear. In order to 
assess this influence, we compared the quantity and quality of neointlma! thickening in 
three stented swine restenosis models. 

Methods: Twenty-three Hanford miniature swine completed one of three protocols. 
Model A animals (n« 9) were fed a cholesterol-raising diet, underwent endothelial 
abrasion of the left anterior descending (LAD) and circumflex (CFX) coronary arteries 
after 2 weeks on this diet, had balloon-expandable tantalum coil stents placed in the 
right coronary artery (RCA), LAD, and CFX after 9 weeks on the diet, and were killed 
4 weeks later (total of 13 weeks on diet). Model 8 animals (n=7) were also fed the 
cholesterol-raising diet, underwent stenting after 5 weeks on the diet, and were killed 4 
weeks later (total of 9 weeks on diet). Model C animals (n = 7) were fed normal swine 
food, underwent stenting, and were kilted 4 weeks later. Endothelial abrasion was not 
performed in models B and C. 

Results: Quantitative angiography revealed no significant differences between models 
In the change of minimal lumen diameter (mm±SD) of stented vessels from 
post-stenting to pre-sacrifice (LAD: 1.05±0.74, 0.75±0.62 and 1.05±0.34; CFX: 
1.00±0.65, 0.83+0.51 and 1.17±0.38; RCA: 0.99±0.35, 0.2Q±0.34, and 0.94±0.80 for 
models A, B, and C, respectively; all P= NS). Likewise, morphometry analysis showed 
no differences in percentage area stenosis (%±SD) over the same time (LAD: 55 ±15, 
44±24, and 42±16; CFX: 54±12, 55±17, and 40±15; RCA: 39±20, 34±11, and 
26±13 for models A, B, and C, respectively; P=NS). The neointima in each model 
predominantly consisted of smooth muscle cells and collagen matrix. 
Conclusions: The degree and nature of coronary artery neointimal thickening 4 weeks 
after stenting In normolipemic swine are similar to those in stented swine after 9 weeks 
on a high-cholesterol diet or 13 weeks on a high-cholesterol diet and early endothelial 
abrasion. The insertion of an intracoronary stent appears to be the major stimulus to 
neointimal thickening in these swine models of post-angloplasty restenosis. 

Coronary Artery Disease 1994, 5:425-434 
Keywords: angioplasty, swine, atherosclerosis 

Restenosis remains the primary problem limiting coronary angioplasty. To date, no pharmacologic 
the long-term success of percutaneous transluminal or mechanical method has consistently prevented 
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restenosis. Since large clinical trials are expensive 
and time-consuming/ experimental models that can 
efficiently test promising therapies are vital. 

The porcine model offers the advantage of a coro- 
nary anatomy similar to that of humans and one 
suitable for intracoronary interventions [1]* Further- 
more,, swine are susceptible to spontaneous and 
diet-induced atherosclerotic lesions in many respects 
mimicking those in humans [2/3]. 

We [4-61 and others [7-9] have developed porcine 
models of restenosis that use balloon-expandable 
metallic stents to induce neointirnal thickening. 
These models have variously used cholesterol-rais- 
ing diets and pre-stenting balloon-induced coro- 
nary endothelial abrasion to augment this response. 
However, the incremental effect ,of hyperdioles- 
terolemia and pre-stenting endothelial abrasion over 
and above the stent-induced injury is not clear- 
Therefore, in order to ascertain the relative con- 
tribution of endothelial abrasion and hypercholes- 
terolemia, we compared the degree and nature of 
neointimal thickening in three porcine models, in all 
of which intracoronary stenting was used. 



Methods 

Animal preparation 

Hanford miniature swine (15-25 kg) were obtained 
from a licensed laboratory animal supplier, AM pro- 
cedures and handling were performed in a way that 
minimized the discomfort of the animals. The guide- 
lines of the American Physiological Society were fol- 
lowed closely. The protocol was approved by the In- 
stitutional Animal Care Use Committees at Baylor 
College of Medicine and the University of Texas MD 
Anderson Hospital <Houston, Texas, USA). The an- 
imals were entered into one of three experimental 
protocols, designated models A, B, and C. Table 1 
illustrates the major differences between these mod- 
els. 

Table 1, Major features of the three experimental models. 



Model A: Prolonged hypercholesterolemia, 
endothelial abrasion, and stenting 

Swine were fed an atherogenic diet, 2% of which was 
cholesterol, 15% fat, and 1.5% sodium chelate. The 
animals received 2-3% of their body weight of diet 
per day throughout the study. 



Endothelial abrasion 

Two weeks after beginning the diet, all model 
A animals underwent coronary endothelial abra- 
sion. For 3 days before and 3 days after abrasion, 
the animals received 2-4mgAg of diltiazem orally 
three times per day and 80-160 mg aspirin orally 
per day. Sedation was achieved with 20mg/kg 
ketamine, 0.1 mg/kg acepromazine, and 0.1 mg/kg 
atropine intramuscularly, and general anesthesia 
maintained with 1-5% halothane and oxygen via a 
standard 7-8 F endotracheal tube. Nifedipine (10 mg) 
was given bucally after intubation. The left carotid 
artery was isolated and an 8F hemostatic sheath 
(USCI) inserted. The animals then received intra- 
venous 200 U/kg heparin, 250 mg ampicillin, and 
5 mg/kg bretylium tosylate. Additional bretylium 
was administered every 15min. The left coronary 
artery was cannulated with a 7F hockey stick 
or 6 F Judkins catheter. Intracoronary nitroglycerin 
(200-400 ug) was administered and angiography was 
performed. An appropriately sized 2.0-3.5 mm dia- 
meter balloon dilatation catheter (USCI Probe) was 
introduced into the left anterior descending (LAD) 
coronary artery via the guiding catheter. The balloon 
was Inflated three times (30 s each; 2-4 arm) dur- 
ing which it was rapidly moved to and fro within 
the artery. The same procedure was repeated for the 
circumflex (CFX) artery. The right coronary artery 
(RCA) was not abraded, allowing comparison of the 
influence of abrasion on neointimal thickening be- 
tween different arteries in model A. The catheter and 
sheath were then removed and the carotid artery lig- 
ated. The wound was repaired and the animals al- 
lowed to recover. Approximately 2.5 cm of 2% nitro- 
glycerin paste was applied topically and 25Q-500mg 
ampicillin was given orally three times daily for 5 
days. The animals remained on the atherogenic diet 





Model A 


Model B 


Model C 


Number of animals 


9 


7 


7 


Diet/feeding duration 


HC/13 weeks 


HC/9 weeks 


Normal/4 weeks 


Abraded vessels* 


IAD, CFX 


None 


None 


Stented vessels 


LAD, CFX, RCA 


LAD, CFX, RCA 


LAD, CFX, RCA 


Sacrifice {after stenting) 


4 weeks 


4 weeks 


4 weeks 



'Abrasion performed 7 weeks before stenting. HC, high cholesterol; LAD, left anterior descending; RCA, right coronary 
artery; CFX, circumflex. 
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for the following 7 weeks and then underwent stent 
implantation. 

Stent Implantation 

The stents used were 2.0/ 2.5, and 3.0 mm in dia- 
meter, 12 or 20 mm long, and were composed of 
a balloon-mounted tantalum wire (0.006 inch dia- 
meter) arrayed in an incomplete serpentine coil 
manner (Gianturco-Roubin Flex-Stent^M, Cook Inc., 
Bloomington, Indiana, USA). The pre-, intra-, and 
postoperative medication regimens for the abra- 
sion step were repeated for the stenting procedure. 
The rignt femoral artery was isolated, an arterial 
sheath inserted/ and blood drawn for serum total 
cholesterol, high-density lipoprotein (HDL) choles- 
terol, and triglyceride levels. The left coronary sys- 
tem was then cannulated with an 8 F guide catheter. 
Intracoronary nitroglycerin (200-400 pg) was admin- 
istered and coronary cineangiograms were obtained 
in 40* left and ri£ht anterior oblique projections. 
Previous work in our laboratory [4-6] showed that 
matching or only slightly oversizing (S 20%) stent 
diameter to lumen diameter results in marked neo- 
intimal thickening. Therefore, an appropriately sized 
to slightly oversized stent was implanted in the LAD 
by balloon inflation to 9 atm for 25 s. The balloon 
catheter was deflated and withdrawn, 200-400 |Xg 
intracoronary nitroglycerin administered, and coro- 
nary arteriography repeated. Additional doses of 
nitroglycerin, nifedipine, or both, were given if sig- 
nificant coronary spasm was observed. The CFX 
and RCA were s tented using the same protocol. 
The catheter and sheath were removed, the femoral 
artery ligated, and the incision closed. Animals were 
then allowed to recover. The atherogenic diet was 
continued for the following 4 weeks, whereupon fi- 
nal angiography was performed and the animals 
killed. 



Follow-up angiography and sacrifice 
The pre and intra-operative medication regimens 
used for abrasion and stenting were repeated for 
the follow-up angiography. The right carotid artery 
was isolated and canntuated, then blood was drawn 
for serum total and HDL cholesterol and triglyceride 
levels. The left coronary system was cannulated with 
a 6 or 7F catheter, intracoronary nitroglycerin ad- 
ministered, and 40* left and right anterior oblique 
angiograms recorded. Angiography of the RCA was 
performed in the same manner. 

Immediately after the final angiogram, the animals 
were placed under deep general anesthesia. A left 
thoracotomy was performed and the aortic arch ves- 
sels ligated. The descending aorta was cannulated 
with a 7 F introducer and 0.1 mmol/1 sodium cacody- 
late (pH 7.4) buffer was perfused into the ascend- 
ing thoracic aorta and coronary arteries to a pres- 
sure of 100 mmHg. The pulmonary artery trunk was 
excised to exsanguinate the animal soon after the 



buffer infusion was begun The descending thoracic 
aorta was simultaneously cross-clamped, when the 
buffer had infused for lOmin, the coronary arter- 
ies were per fusion-fixed at 100 mmHg with modi- 
fied Karnovsky's fixation [Polysdentmc, Bayshore, 
New York, USA; 2.5% glutaraldehyde buffered with 
01 mmol/1 cacodylate (pH 7.4)] for 10-20 min. The 
coronary arteries, including the stented segments, 
were then dissected free from the underlying mus- 
cle and placed in 25% glutaraldehyde fixative. 



Model B: Short-duration hypercholesterolemia 
and stenting 

Animals were fed the atherogenic diet for 5 weeks, 
and then each animal underwent stenting of the 
LAD, CFX, and RCA in a manner identical to that of 
model A. The atherogenic diet was continued until 
final angiography and sacrifice 4 weeks after stent- 
ing. In contrast to model A, no endothelial abrasion 
was performed and the total duration of feeding was 
9 instead of 13 weeks. 



Model C: Normal swine feed and stenting 

Animals that had been given a normal non-athero- 
genic swine diet underwent stenting of the LAD, 
CFX, and RCA in a manner identical to that de- 
scribed for models A and B. Normal swine feed (Pu- 
rina Mills) was continued for 4 weeks, angiography 
was performed, and the animals were killed. No 
endothelial abrasion was done. 



Angiographic analysis and definitions 

Immediate pre-stent, immediate post-stent, and pre- 
sacrifice angiograms of the LAD, CFX and RCA from 
each animal were analyzed with the computerized 
Cardiovascular Angiographic Analysis System. This 
system* uses automated edge detection and correc- 
tion for pincushion distortion For a given animal, 
the projection that revealed the most severe narrow- 
ing before sacrifice was also analyzed for measure- 
ment before and after stenting. Minimal lumen dia- 
meter was measured at the narrowest site along the 
stented artery section. Percentage diameter stenosis 
was calculated as: 100 x(l -minimal lumen diame- 
ter/proximal reference diameter). Mean lumen dia- 
meter was the mean of multiple vessel diameters 
measured throughout the length of the stented sec- 
tion. Change in minimal lumen diameter was the dif- 
ference between immediate post-stent and pre-sacri- 
fice minimal lumen diameter. 



Morphometry analysis 

The stented artery segments were cut into 3 mm 
sections and stent wires were carefully removed. 
Sections were paraffin-embedded, cut at a nomi- 
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nal thickness of 4jim, and stained with hemato- 
xylin &eosin, Masson's trichrome,, and Verhoeff- 
van Gieson stains. Slides were examined under light 
microscopy and the section of each artery with 
the most severely narrowed lumen underwent mor- 
phometric analysis with a projecting Olympus BH 
microscope (x4) with a drawing attachment. The 
borders of the internal elastic lamina (IEO and vessel 
lumen were traced on a digitizing board- The areas 
bounded by the IEL (EEL area) and vessel lumen (lu- 
minal area) were calculated. On sections where the 
EEL was not completely intact the EEL border was 
drawn at the division of neointiiria and normal me- 
dia or adventitia. The percentage area stenosis was 
determined by: 100 x(l -luminal area/IEL area). In 
addition, the maximal intimal thickness of each ana- 
lyzed section was measured. 



Histologic analysis 

All vessels were evaluated for the presence and 
quantity of smooth muscle cells, fibrous connec- 
tive tissue, foam cells, calcification, necrosis, macro- 
phages, neutrophils, lymphocytes, eosinophils, and 
for disruption of the IEL and external elastic lam- 
ina (EEL). The following grading 9ystem was used to 
quantify each tissue component: 1, minimal, barely 
detectable; 2, mild, slightly detectable; 3, moderate, 
easily detectable; and i marked, very evident 



Statistical analysis 

Angiographic, morphometric, and lipid measure- 
ments are given as means ±SD for each of the mod- 
els. Comparison between models A, B, and C was ac- 
complished with an analysis of variance. The LAD, 
CFX, and RCA were analyzed separately. The paired 
Student's t-test was used to compare endpoints of 
the abraded LAD, abraded CFX, and unabraded 
RCA in model A. The nominal stent diameter (52.5 
or 3.0 mm) of each artery in all three models was 
compared using the chi-squared test. Differences 
were considered significant when P<0.05. 



Results 

Experimental course 

Twenty-eight animals survived the protocol until 
stenting. Five animals died during stenting, three of 
ventricular fibrillation and two of bradycardia. No 
animal died after the stenting procedure. Therefore, 
23 animals completed the study: nine, seven, and 
seven in models A, B, and C, respectively. All sur- 
viving animals had received LAD and RCA stents, 
but four CFX arteries were too small to stent (one, 
two, and one arteries in models A, B and C, respec- 
tively). Two pre-/post-stenting and two pre-sacrifice 
angiograms were technically unsuitable for quanti- 
tative analysis. All other angiograms and all tissue 
sections were adequate. 



Endpoints 

The primary angiographic endpoint was the change 
in minimal lumen diameter from post-stenting to 
pre-sacriflce, while secondary endpoints were pre- 
sacrifice percentage diameter stenosis, minimal lu- 
men diameter, and mean lumen diameter. The pri- 
mary morphometric endpoint was percentage area 
stenosis, whereas maximal intimal thickness was a 
secondary endpoint. 



Lipid levels 

Table 2 lists serum total cholesterol, HDL choles- 
terol, and triglycerides at stenting and pre-sacriflce 
for each model. At stenting, total and HDL choles- 
terol were greater in model A than in B and C, re- 
flecting the 9 weeks of pre-stenting atherogenic feed- 
ing in model A compared with the 5 and 0 weeks in 
models B and C respectively. However, at sacrifice 
4 weeks later, models A and B had comparably ele- 



Table 2. Serum lipid levels. 



Mode! A Model B Model C Significance 

(n = 9) (n = 7) (n-7) (P) 



Stenting 

Total cholesterol (mg/dl) 303±112 172±27 91 ±12 <0.01* 

HDL cholesterol (mg/dO 78± 14 54± 14 44±9 0.0001 * 

Triglycerides (mg/dl) 21 ±9 18±12 25±16 NS 
Pre~ sacrifice 

Total cholesterol (mg/dl) 267±88 239±66 73±13 <0.01t 

HDL cholesterol (mg/dl) 86±15 74±8 39±6 0.0001 1 

Triglycerides (mg/dl) 27±17 28±14 26±7 NS 



*A versus B and C; "A and B versus C. HDL, high-density lipoprotein. 
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vated total and HDL cholesterol levels, while model 
C levels remained significantly lower, as expected. 

Table 3. Pro- and post-stenting angiographic data. 



Table 4. Pre-sacrifice angiographic data. 



Model A Model B 


Model C 


Significance 


(n*9) (n-7) 


(n = 7) 


(Pi 


Immediately bdfore stenting 






Minimal lumen diameter (mm) 






LAD 2.2±0.3 2.1 ±a3 


2.010.3 


IMS 


CFX 2.0 ± 0.4 1 .9 ± 0.4 


2.1 ±0.5 


NS 


RCA 2.5 ± 0.3 2.4 ± 0. 1 


2.7 ±0.6 


NS 


Mean lumen diameter (mm) 






LAO 2.6+0.3 2.6 ±0.3 


2.5 ±0.4 


NS 


CFX 2.4 + 0.4 2.4 + 0.3 


2.5 ±0.4 


NS 


RCA 2.810.3 2.7±0.2 


3.1 ±0.6 


NS 


Immediately after stenting 






Stent: artery ratio 






LAD 1.01 ±0.15 1.05±0.14 


1.15±0.15 


NS 


CFX 1.06±0.13 1.l7±0.1t 


1.13±0.25 


NS 


RCA 0.93+0.06 0.9$±0.10 


0.89±0.11 


NS 


Minimal lumen diameter (mm) 






LAD 2.7+0.1 2.4±0.2 


2.6 ±0.3 


0.05* 


CFX 2.710.2 2.3±0.5 


2.5±0.3 


NS 


RCA 2.9 ±0^3 2.510.3 


3.2 ±0.5 


0.03t 


Mean lumen diameter (mm) 






LAD 3£±0.1 2.8 ±0.2 


3.2±0.4 


0.03* 


CFX 3.1 ±0.2 2.7 ±0.4 


3.0±0.3 


NS 


RCA 3.310.3 3.010.3 


3.6 ±0.5 


O.Q2t 



*A versus B; tB versus C. LAD, left anterior descending; CFX, cir- 
cumflex; RCA, right coronary artery. 



Pre- end post-stentlng angiography 

Angiographic data obtained immediately before and 
after stenting axe listed in Table 3. Before stenting, 
the vessel dimensions of each model were compa- 
rable. The nominal stent diameter was the same in 
all models when dichotomized at <25 and 3.0 mm, 
and s tent-to-mean lumen diameter (stent; artery) ra- 
tio suggested a similar degree of injury across mod- 
els. It was of importance that the mean stent: artery 
ratio was >1.0 for the LAD and CFX arteries, imply- 
ing a tendency slightly to oversize the stent, while 
the mean ratio was <1.0 for RCAs, suggesting stent 
undersizing. All mean ratios were, however, within 
2 SD of 1.0. Post-stenting minimal lumen (and mean 
lumen) diameter was greater in model A versus B 
for LAD and C versus B for RCA. 



Pre-sacrifice angiography 

As shown in Table 4 and Fig. 1, there were no sta- 
tistically significant differences between models for 
any of the angiographic parameters measured. Al- 
though the change in minimal lumen diameter of 
-0.20 ±0.34 mm for the RCA in model B seemed 
smaller than that of the other models, the differences 
were not significant 





Model A 


Model B 


Model C 


Significance 




(n=9) 


(n-7) 


(n=7) 


(Pi 


Change in minimal lumen diameter 






(post-stent to pre-sacrrflce, mm) 






LAD 


-1.0510.74 


-0.751032 


-1.05 ±034 


NS 


CFX 


-1.001035 


-0.831031 


-1.171038 


NS 


RCA 


-039±0.35 


-0.20±0.34 


-0041060 


NS 


Minimal lumen diameter (mm) 






LAD 


1.710.8 


1.710.4 


13105 


NS 


CFX 


1.710.6 


1.510.3 




NS 


RCA 


1.9±0.4 


£210.2 


22106 


NS 


Diameter a 


tenoaie (%) 








LAD 


44117 


4219 


4417 


NS 


CFX 


42±15 


47187 


51111 


NS 


RCA 


34 ±9 


2419 


31lt4 


NS 


Mean lumen diameter (mm) 








LAD 


2.2103 




2.110.3 


NS 


CFX 


Z2±0.6 


2.010.1 


2.110.1 


NS 


RQA 


2.5 ±0.5 


2410.3 


2.910.6 


NS 



LAD, left anterior descending; CFX, circumflex; RCA. right ooronary artery. 





Model 



Fig. 1. Bar graphs showing mean (±SD) chanoe In minimal 
lumen diameter from immediately after stenting to before 
sacrifice 4 weeks later (a) and angiographic percentage 
diameter stenosis Immediately before sacrifice (b). RCA, 
right coronary artery; LAD, left anterior descending; CFX, 
circumflex. 



Morphometric and histologic analyses 

Percentage area stenosis and maximal intimal thick- 
ness were similar in all models (Table 5 and Eg. 2). 
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Table 5. Morphometries data. 



Model A 
(n=9) 



Model B 
(n = 7) 



Mode! C 
(n=7) 



Significance 
{Pi 



Area stenosis (%) 

LAD 55±15 44±24 42±16 NS 

CFX 54±12 55±17 40±15 NS 

RCA 39±20 34±11 26±13 NS 

Maximal Intlmal thickness Qim) 

LAD 6601186 498±167 619±158 NS 

CFX 620 ±233 71 9 ±284 567 ±187 NS 

RCA 517±244 526±278 479±147 NS 

LAD, left anterior descending; CFX, circumflex; RCA, right 
coronary artery. 




Model 




Model 



Fig. 2. Bar graphs showing mean (±SD) morphometric per- 
centage area stenosis (a) and maximal Intimal thickness 
(b). RCA, ripht coronary artery; LAD, left anterior descend- 
ing; CFX, circumflex. 



Histologic analysis revealed a similar degree of ves- 
sel injury in each model In all stented vessels, the 
IEL was clearly disrupted, primarily at the stent wire 
sites. In addition, the EEL was disrupted in 25 out 
of 26 model A vessels, 17 out of 18 model B vessels, 
and 15 out of 19 model C vessels. Of the vessels with- 
out EEL disruption three were RCA and one LAD in 
model C, and one RCA in each of models A and B. 
Five of these six vessels with intact EEL were RCA, 



a finding consistent with the relatively lower RCA 
stent; artery ratios noted on angiography. 

The response to injury in each model was essentially 
identical (Fig. 3). Each model produced significant 
and similar neointimai thickening primarily consist- 
ing of smooth muscle cells and fibrous connective 
tissue, although the extent of this response varied 
within each group. No calcification was observed. 
Foam cells were present minimally in three model 
A and one model B animals, but were not present 
in model C animals. Table 6 shows mean severity 
grades for each tissue component. 

In all models, the stent struts frequently extended 
into the adventitia and were associated with fo- 
cal necrosis, sporadic hemorrhage, fibrous con- 
nective tissue deposition, and a mixed inflamma- 
tory reaction consisting of smooth muscle cells, 
multinuclear giant cells, lymphocytes, plasma cells, 
eosinophils, and mast cells. This inflammatory re- 
sponse surrounding stent sites suggests the possibil- 
ity of a hypersensitivity reaction (Fig. 4). 



Effect of endothelial abrasion in model A 

The LAD and CFX arteries in model A underwent 
abrasion, whereas the RCAs did not. Table 7 com- 
pares the angiographic and morphometric endpoints 
of the abraded LAD and CFX and the unabraded 
RCA in model A. The RCA morphometric area 
stenosis of 39 ±20% was significantly different from 
the 55±15% for the LAD (P<0.05), but not sta- 
tistically different from the 54+12% for the CFX 
<P<0.10). All other comparisons showed no differ- 
ences between the arteries, implying that abrasion 
had little or no effect on intimal thickening. 



Discussion 

In this study we compared three strategies for induc- 
ing coronary artery neointimai thickening in swine. 
All three models used intracoronary stenting. Model 
A incorporated prolonged high-cholesterol feeding 
(13 weeks) and endothelial abrasion, a design sim- 
ilar to an effective model previously developed in 
our laboratory [4-6]. Model B tested the influence of 
a shorter high cholesterol feeding period (9 weeks) 
in animals not subjected to the risk and expense 
of an abrasion procedure. Model C was a stream- 
lined protocol with no abrasion step and no spe- 
cial feeding requirement before stent insertion. De- 
spite these protocol differences, no significant differ- 
ences in angiographic, morphometric, and histologic 
endpoints were detected between the three models. 
This finding suggests that the primary impetus for 
neointimai thickening was stenting, and that hyper- 
cholesterolemia and abrasion played a less important 
role, which was overshadowed by the response to 
stent injury. 
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Rg. 3. Photomicrographs of stented 
left anterior descending arteries from 
models A, B and C; (a), (b) and (c), 
respectively. 'L' designates lumen, 
arrows point to the internal elastic 
lamina (IEL), and asterisks indicate 
the former locations of stent struts. 
Concentric neointimal thickening is 
present between the intact/disrupted 
IEL and lumen. Magnification: (a), 
x30, (b) and (c), x35. 
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Table 6. Mean histologic grades. 






Smooth 


Fibrous 


















muscle 


connective 


Foam 












Vessel 


Model 


ceils 


tissue 


cells 


Necrosis 


Macrophages 


Neutrophils 


Lymphocytes 


Eosinophils 


LAO 


A 


3.7 


2.9 


0 


1.3 


1.6 


1.6 


2.8 


2.0 




Q 

D 


O Q 




n 
\J 


j . i 


1 Q 


1 n 




1.9 




c 


2.7 


2.7 


0 


0.7 


1.1 


0.6 


1.6 


<X9 


CFX 


A 


3.4 


3.0 


0.3 


1.3 


2.3 


1.4 


2.9 


2.1 




B 


2.0 


2.0 


0.2 


1.0 


0.4 


0.4 


1.0 


2.0 




C 


2.8 


2.8 


0 


0.8 


1.0 


0.6 


2.0 


1.0 


RCA 


A 


3.1 


3.0 


0.1 


1.4 


1.4 


1.3 


2.9 


1.7 




B 


2.8 


2.0 


0 


0.8 


1.0 


1.0 


1.5 


1.0 




C 


2.1 


2.1 


0 


1.3 


0.6 


0.1 


1.0 


0.7 



LAD, left anterior descending; CFX, circumflex; RCA, right coronary artery. 




Table 7. Effect of endothelial abrasion in model A. 





LAD* 


CFX* 


RCAt 


Significance 




(n=9) 


(n = 9) 


(n=9) 




Change in minimal lumen diameter (mm) 


-1.05±0.74 


-1.00 ±0.65 


-0.99 ±0.35 


NS 


Diameter stenosis (%) 


44±17 


42±15 


34 ±9 


NS 


Change in diameter stenosis (%) 


36+28 


35±24 


31 ±13 


NS 


Area stenosis {%) 


55±15 


54±12 


39 ±20 


<0.05* 


Maximal intimal thickness (jim) 


660 ±186 


620±233 


517 ±244 


NS 



'Abrasion performed; tNo abrasion performed. *Right coronary artery (RCA) versus left anterior descending (LAD), CFX, 
circumflex. 



Histologic analysis revealed that stent insertion dis- 
rupted the EEL in all vessels and the EEL in aH but six 
(10%). We attempted to maintain the nominal stent 
diameter : mean vessel diameter ratio at 1.0-1.2, and 
this was successful in that the angiographic mean 
stent: artery ratios ranged from 0.89 to 1.17. Exten- 
sive medial and adventitial injury occurred despite 



the lack of marked stent oversizing, somewhat sur- 
prisingly. Nevertheless, this model of injury is rele- 
vant, since deep medial and adventitial tears can oc- 
cur after angioplasty in humans [10]. 
The mean stent : artery ratio was < 1 .0 for the RCA in 
all models, but > 1.0 for the LAD and CFX. Five of 22 
RCAs, but only one of 41 LAD and CFX arteries, did 
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not exhibit EEL disruption. This slight oversizing of 
LAD and CFX stents and relatively more severe ves- 
sel injury may explain the trend towards a higher de- 
gree of stenosis in these vessels compared with the 
RCA, This finding is consistent with a recently pro- 
posed hypothesis correlating vessel injury with the 
degree of neointimal thickening [8]. 

A combination of cholesterol feeding and balloon- 
induced endothelial abrasion has been shown to ac- 
celerate atherosclerosis in the aorta [11], iliac [12], 
and coronary arteries [131 of swine. However, the 
relative importance of cholesterol feeding and en- 
dothelial injury in swine coronary atherosclerosis is 
unclear. In 11 animals on a high-cholesterol diet, 
Weiner et aL [14] balloon-abraded the LAD, but not 
the CFX or RCA. After 8 months/histologic analysis 
revealed similar disease in all three coronary arteries 
[14]. likewise, Griggs et aL [15] reported a significant 
positive correlation between serum cholesterol and 
the extent of intirnal lesions after 4 months of choles- 
terol feeding but no difference between balloon- 
injured and non-balloon-injured vessels. Our own 
study, in 21 hypercholesterolemic swine exposed to 
balloon dilatation of the RCA but not the CFX, re- 
sulted in 2-month follow-up angiographic diameter 
stenoses of 8 and 7%, respectively, a non-significant 
difference [15]. In contrast to these three studies, 
which all suggest a lesser role for endothelial injury, 
Schneider et aL [16] reported no difference in maxi- 
mal intimal thickness and the ratio of luminal to inti- 
rnal areas between swine exposed to overstretch bal- 
loon injury alone and swine exposed to balloon in- 
jury plus hypercholesterolemia (580mg/dl), imply- 
ing a less important role for cholesterol feeding. 

Although the relative roles of dietary manipula- 
tion and endothelial abrasion are unclear, intra- 
coronary stenting clearly induces predictable neo- 
intimal thickening in swine and is now the founda- 
tion for restenosis models in our laboratory [4-6] and 
at other institutions [7-9]. The Mayo Clinic model 
relies on oversizing a coil stent by 20-100% to pro- 
duce stenoses of up to 100% (mean 63%) and does 
not include cholesterol feeding or a separate abra- 
sion step [7,8], Karas et aL [9] at Emory University re- 
cently reported a significantly greater degree of neo- 
intimal thickening after the placement of tantalum 
Wiktor stents (20-30% oversized) than with balloon 
injury alone in normolipemic swine. In our models, 
we achieved mean angiographic stenoses 4 weeks af- 
ter stenting ranging from 24 to 51%, which may be a 
more clinically relevant response to injury than the 
severe stenoses observed in models using more ag- 
gressive stent oversizing. 

An earlier swine model developed in our labora- 
tory used endothelial abrasion and high cholesterol 
feeding for 6 months in addition to stenting [4]. The 
duration, personnel required, and expense of this 
protocol is relatively large compared with that of a 
model incorporating shorter durations of cholesterol 
feeding or no additional abrasion step. The present 



study confirms that a stented swine model incorpo- 
rating normal feeding (model C) induced neointimal 
thickening comparable with a stented model incor- 
porating 9 weeks of cholesterol feeding (model B) 
or endothelial abrasion and 13 weeks of cholesterol 
feeding (model A). The cost of performing a 20-pig 
study in our laboratory using model A is currently 
US $49970, while the cost of using the same num- 
ber of animals in models B and C is US$38523 and 
US$26 841, respectively. These values do not include 
the cost of stents, which were kindly supplied by the 
manufacturer. 



Limitations of the study 

The number of animals in each model was small. 
Consequently, small differences in outcome vari- 
ables may have been missed. Furthermore, total 
cholesterol levels at sacrifice were of the order of 
200-400 mg/dl in models A and B, lower than the 
400-600 mg/ dl in our previous hypercholesterolemic 
models. Therefore, we cannot rule out the possibility 
that more extreme hypercholesterolemia produces 
an incremental increase in neointimal thickening in 
a stented swine model, as earlier results have sug- 
gested [5]. Extreme hypercholesterolemia may also 
produce a histologic response more similar to that in 
humans, such as foam cell development, as was min- 
imally produced in our hypercholesterolemic models 
AandB. 

In conclusion, insertion of intracoronary balloon- 
expandable coil stents in normolipemic Hanford 
miniature swine induces neointimal thickening com- 
parable with that produced with endothelial abra- 
sion, 13 weeks of hypercholesterolemia and stent- 
ing, or 9 weeks of hypercholesterolemia and stent- 
ing without the abrasion step. A swine model of 
restenosis that incorporates normal feeding followed 
by stenting should produce comparable neointimal 
thickening in a timely manner and may be a more 
cost-efficient model of post-angioplasty restenosis 
for use in future investigations. 
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